The mitochondrial pyruvate carrier (MPC) occupies a central metabolic node by transporting cytosolic pyruvate into the mitochondrial matrix and linking glycolysis with mitochondrial metabolism. Two reported human MPC1 mutations cause developmental abnormalities, neurological problems, metabolic deficits, and for one patient, early death. We aimed to understand biochemical mechanisms by which the human patient C289T and T236A MPC1 alleles disrupt MPC function. MPC1 C289T encodes 2 protein variants, a misspliced, truncation mutant (A58G) and a full-length point mutant (R97W). MPC1 T236A encodes a full-length point mutant (L79H). Using human patient fibroblasts and complementation of CRISPR-deleted, MPC1-null mouse C2C12 cells, we investigated how MPC1 mutations cause MPC deficiency. Truncated MPC1 A58G protein was intrinsically unstable and failed to form MPC complexes. The MPC1 R97W protein was less stable but, when overexpressed, formed complexes with MPC2 that retained pyruvate transport activity. Conversely, MPC1 L79H protein formed stable complexes with MPC2, but these complexes failed to transport pyruvate. These findings inform MPC structure-function relationships and delineate 3 distinct biochemical pathologies resulting from 2 human patient MPC1 mutations. They also illustrate an efficient gene pass-through system for mechanistically investigating human inborn errors in pyruvate metabolism.
Introduction
Pyruvate is a critical metabolite linking fundamental metabolic processes across the cytosol and mitochondria. Cytosolic reduction of pyruvate to lactate maintains NAD+ pools required for glycolysis (1, 2) . The reversible transamination of pyruvate to alanine in both the cytosol and mitochondria coordinates carbohydrate and amino acid metabolism (3) . Mitochondrial pyruvate may be converted to acetyl-CoA for tricarboxylic acid (TCA) cycle oxidation and cellular respiration (4) . Furthermore, mitochondrial pyruvate may be utilized anaplerotically, by conversion to oxaloacetate, to replenish the TCA cycle when intermediates are withdrawn for biosynthesis (5) . The centrality of pyruvate to these fundamental processes illustrates the impact of pyruvate metabolism on cellular function.
Further underscoring the importance of pyruvate metabolism, mutations in genes regulating pyruvate metabolism lead to devastating multi-system deficits (6) . Clinical presentations of inborn errors in pyruvate metabolism usually involve elevated blood pyruvate, lactate, and alanine (6) . Neurological abnormalities are often observed, but the severity and biochemical manifestations depend on the nature of the mutation and unique genetics and physiology of the patient. Indeed, the transporter that conducts pyruvate across the mitochondrial inner membrane was identified in part by localizing mutations underlying pyruvate metabolism deficits in human patients (7, 8) .
In flies, rodents, and humans, the mitochondrial pyruvate carrier (MPC) is a hetero-oligomer consisting of 2 obligate protein subunits, MPC1 and MPC2, encoded by the MPC1 and MPC2 genes (7, 9) . The loss of either subunit leads to loss of the other and the MPC complex, and recent findings indicate an MPC1-MPC2 heterodimer functions as the active MPC complex (7, 9, 10) . Disruption of MPC activity
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by genetic or chemical mechanisms ablates direct mitochondrial pyruvate uptake, thereby eliminating a central node in cellular metabolism.
Multiple lines of evidence show the MPC plays key roles in health and disease. Disruption of the liver MPC lowers blood glucose during diabetes (11, 12) , and attenuates non-alcoholic steatohepatitis (NASH; refs. 13, 14) . Conversely, decreased MPC expression and activity increases stemness in some cancers (15) (16) (17) (18) (19) . The MPC appears to play an especially critical role during development. Whole-body genetic MPC disruption is embryonic lethal in mice (20, 21) . In humans, 2 reported MPC1 mutations cause developmental abnormalities, neurological problems, metabolic deficits marked by high blood pyruvate and lactate, and, in the case of one patient, death early in childhood (7, 8) .
The C289T MPC1 allele was previously reported to produce 2 transcripts (7). One is misspliced and predicted to generate a frame-shifted, truncated protein (A58GfsX2; herein referred to as A58G). The other is predicted to generate a full-length protein with a conserved arginine changed to tryptophan (R97W). The T236A MPC1 allele is predicted to generate a full-length protein with a conserved leucine changed to histidine (L79H). How these mutations affect MPC protein content, complex stability, and function has not been delineated.
Here, we aimed to understand biochemical mechanisms by which the human patient MPC1 C289T and T236A alleles disrupt MPC function. We utilized human patient fibroblasts and developed a novel, to our knowledge, heterologous gene complementation system with the highly metabolically active mouse C2C12 myoblast cell line. C2C12 cells were treated with CRISPR/Cas9 to generate Mpc1-null (ΔMpc1) lines. ΔMpc1 C2C12 cells were then complemented with both artificially truncated and human patient MPC1 alleles. Complemented cells were tested for changes in mitochondrial pyruvate metabolism and MPC function.
We observed distinct mechanisms by which the C289T and T236A MPC1 alleles cause MPC deficiency. The MPC1 C289T allele truncated A58G protein failed to stabilize MPC2 and form MPC complexes. The MPC1 C289T allele full-length R97W protein was less stable but, when overexpressed, formed complexes with MPC2 that retained pyruvate transport activity. Conversely, the MPC1 T236A allele L79H protein formed stable complexes with MPC2, but these complexes failed to transport pyruvate. These findings inform MPC structure-function relationships and delineate three distinct biochemical pathologies resulting from two human patient MPC1 mutations. This investigation also demonstrates an efficient molecular genetic system using the mouse C2C12 cell line to mechanistically investigate human inborn errors in pyruvate metabolism.
Results
Patient information. Four human patients harboring homozygous MPC1 mutations from three different families have been previously reported (Table 1, refs. 7, 8 , and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.126132DS1). Patient 1 (Family 1) is homozygous for the C289T MPC1 mutation predicted to generate transcripts encoding full-length R97W and truncated A58G MPC1 proteins. Her symptoms and disease progression until death at age 19 months were previously described (8) . Patient 2 (Family 2), Patient 3 (Family 3), and Patient 4 (Family 3) are homozygous for the T236A MPC1 mutation encoding full-length MPC1 L79H protein (7). Patient 2 showed delayed psychomotor functions, seizures, and elevated serum levels of lactate and pyruvate. Patient 3 is a male who displayed peripheral neuropathy, cognitive disability, and visual impairment. Patient 4 is a female who showed mild developmental delays compared with her brother. Interaction of patients with reporting physicians is infrequent and additional information is not available.
Measurements of MPC1 and MPC2 protein content in patient fibroblasts. MPC1 patient mutations, transcript structures, and protein conservation are shown in Figure 1A . Notably, and as previously reported, all patient mutations change strongly conserved amino acid residues (7). When MPC1 patient mutations were initially reported, antibodies to detect MPC1 and MPC2 protein were not available. How these mutations affect MPC protein levels and complex formation remains incompletely understood. We performed Western blots to compare MPC1 and MPC2 protein levels in human telomerase reverse transcriptase (hTERT) lifespan extended control and patient fibroblasts (7) . In cells harboring the MPC1 C289T mutation, both MPC1 ( Figure 1 , B and C) and MPC2 ( Figure 1 , B and D) decreased. Conversely, in cells harboring the MPC1 T236A mutation, MPC1 protein was retained ( Figure 1 , B and C) and MPC2 protein was only partially lost ( Figure 1, B and D) . Compared with control fibroblasts, MPC1 C289T transcript levels were decreased by nearly half, whereas MPC1 T236A transcript levels were not different ( Figure 1E ). Thus, changes in MPC1 transcript levels could not explain the loss of MPC1 protein in C289T patient fibroblasts.
MPC2 transcript levels were increased in MPC1 C289T cells, consistent with counterregulation for loss of MPC proteins, but unchanged in MPC1 T236A cells ( Figure 1F ). The persistence of MPC proteins in MPC1 T236A versus C289T cells was surprising given that both mutations result in a similar loss of pyruvate oxidation (7, 22) .
Generation and characterization of MPC1-knockout C2C12 cells. We aimed to develop an efficient molecular genetic system for examining the relationship between MPC1 patient mutations and function. Compared with human fibroblasts, even hTERT lifespan extended, the mouse C2C12 myoblast cell line is immortal, proliferates rapidly, and, importantly, oxidizes pyruvate at high rates (23) . This allows timely generation of stable, genetically modified cell lines facilitating high signal-to-noise measurements of pyruvate metabolism. We first aimed to generate ΔMpc1 C2C12 lines for subsequent complementation with and functional testing of MPC1 patient alleles. CRISPR/Cas9 was utilized to delete from within the Mpc1 5′-UTR to beyond the translation start codon (Figure 2A ). Immunoblotting confirmed that CRISPR/Cas9 Mpc1 disruption ablated MPC1 protein expression (Figure 2 , B and C). Consistent with other published data (11, 12) , MPC1-knockout cells (ΔMpc1) expressed normal levels of Mpc2 mRNA but undetectable levels of MPC2 protein ( Figure 2 To measure MPC activity directly, mitochondria were purified from WT and ΔMpc1 cells and tested for [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-radiolabeled pyruvate uptake activity (24) . Mpc1 deletion resulted in loss of mitochondrial pyruvate uptake ( Figure 2E ). To examine mitochondrial function, NADH-linked, complex I-dependent cellular respiration was measured using pyruvate and glutamine as substrates. Mpc1 deletion strongly impaired pyruvate-driven respiration ( Figure 2F ). However, levels of glutamine-driven respiration were similar between WT and ΔMpc1 cells ( Figure 2G ). This is consistent with ΔMpc1 C2C12 cells having a specific defect in mitochondrial pyruvate transport rather than a global metabolic impairment. 
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A Clinical information (8) and genetic analysis (7) were previously published. B Minimal clinical information and genetic analysis were previously reported (7). Maternal pregnancy condition, developmental status, and serum findings not previously reported. Current degree of patient adherence to ketogenic diet is unknown.
MPC1 C-terminal truncation causes MPC-complex instability and dysfunction.
To examine the suitability of MPC1-complemented ΔMpc1 C2C12 cells for detecting dysfunctional MPC1 alleles, we performed proof-of-concept testing. Previous reports have shown that both MPC1 and MPC2 proteins are obligate for stabilizing each other and thus the MPC complex (7-9, 22, 23) . We reasoned that a functional MPC1 protein would interact with and stabilize MPC2 in ΔMpc1 cells. ΔMpc1 cells were transduced with a series of constructs encoding increasingly C-terminally truncated MPC1 protein. Complemented lines were examined by Western blot for MPC1 protein expression and rescue of endogenous MPC2 protein expression. Complementation with WT human MPC1 rescued endogenous MPC2 protein to native levels and thus stabilized the MPC complex ( Figure 3 , A-C). MPC2 protein rescue was significantly decreased when MPC1 was truncated by 9 amino acids (ΔC9) and became nearly unobservable when truncation reached 18 amino acids (ΔC18; Figure 3 , A-C). These data demonstrate that the MPC1 C-terminus is important for stabilizing MPC1, MPC2, and thus the MPC complex. MPC1 patient mutations differentially affect MPC-complex stability and activity. To understand the distinct effects of each MPC1 patient mutation on MPC biochemical function, ΔMpc1 mouse C2C12 cells were complemented with WT and patient MPC1 alleles, and changes in MPC1 and MPC2 protein levels were measured. Ectopically expressed WT MPC1 and MPC1 L79H protein reached similar levels ( Figure 4 , A and B). In contrast, the full-length MPC1 R97W protein expression level was significantly lower and truncated MPC1 A58G protein was undetectable ( Figure 4 , A and B). As observed in experiments complementing ΔMpc1 cells with truncated MPC1 proteins, complementation with MPC1 WT rescued MPC2 protein to endogenous levels. Moreover, MPC1 L79H and R97W proteins also rescued MPC2 to endogenous levels. In contrast, expressing truncated MPC1 A58G protein did not ( Figure 4 , A and C).
To account for potential differences in antibody affinities for mouse, human, and mutated human MPC proteins, we performed additional control experiments. Parallel complementation experiments were performed in human embryonic kidney (HEK) 293T cells lacking MPC1 protein (ΔMPC1). Results were highly similar to our observations in mouse C2C12 cells. Compared with endogenous WT MPC1 protein, complemented WT and L79H MPC1 proteins were expressed at high levels, whereas R97W and A58G proteins were, respectively, expressed at low and undetectable levels (Supplemental Figure  4 , A and B). MPC2 protein was rescued to endogenous levels by L79H and R97W but not by truncated A58G protein constructs (Supplemental Figure 4 , A and C).
To rule out antibody epitope mutation as causing low detectable levels of R97W and the apparent absence of truncated A58G protein, we expressed patient MPC1 proteins with a C-terminal FLAG epitope tag. Immunoblotting confirmed that the R97W protein accumulated at a lower level whether detected with anti-MPC1 or anti-FLAG antibodies (Supplemental Figure 4 , D and E). Importantly, the truncated MPC1 A58G protein was not detectable by either antibody, demonstrating that it is intrinsically unstable (Supplemental Figure 4 , D and E). Expressing WT-FLAG or L79H-FLAG rescued MPC2 protein to endogenous levels, whereas expressing R97W-FLAG only partly restored MPC2 protein expression levels (Supplemental Figure 4 , D and F). Truncated MPC1 A58G-FLAG protein expression was unable to rescue MPC2 protein content (Supplemental Figure 4, D and F) . These results show that the MPC1 L79H mutant protein forms a stable complex with MPC2, that MPC1 R97W protein is less stable, and that truncated MPC1 A58G protein is unstable and leads to equivalent MPC2 degradation. Because a stable MPC complex is not necessarily competent for pyruvate transport activity, we tested the effect of patient mutations on MPC function by measuring pyruvate-driven respiration in complemented ΔMpc1 C2C12 cells. Complementation with WT and R97W MPC1 proteins rescued pyruvate-driven respiration (Figure 4 , D and E, and Supplemental Figure 5A for non-normalized respiration data). A58G MPC1 protein showed no rescue of pyruvate-driven respiration (Figure 4, D and E) . However, interestingly, though L79H was stable and rescued MPC2 protein expression, it failed to restore pyruvate-driven respiration (Figure 4, D and E) . Results were similar when respiration was measured with 1 mM pyruvate and FCCP concentrations of 0.1 μM, 0.33 μM, and 1 μM (Supplemental Figure 5 , B-G). This indicates that clonal differences in non-MPC-facilitated mitochondrial pyruvate oxidation and FCCP dosing were not driving pyruvate oxidation differences ascribed to patient alleles. 
MPC1
T236A results in stable but transport incompetent MPC complexes. The result that MPC1 L79H protein fully stabilized MPC2 protein but failed to rescue pyruvate-driven respiration in Mpc1 C2C12 cells could be potentially explained by mechanisms other than loss of MPC transport activity. Because respiration experiments utilize oxygen consumption as the read-out, other enzymes in pyruvate metabolism such as pyruvate dehydrogenase (PDH) and pyruvate carboxylase (PC) may influence pyruvate-driven respiration. We considered the possibility that the MPC1 L79H protein mutation impairs respiration by disrupting pyruvate channeling mechanisms, such as through PDH or PC, rather than ablating MPC transport activity. We directly measured L79H MPC activity by measuring isolated mitochondria [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-radiolabeled pyruvate uptake. In corroboration with respiration assays, ΔMpc1 C2C12 cell mitochondria did not transport pyruvate, but complementation with WT human MPC1 restored pyruvate uptake activity to WT C2C12 cell levels. Remarkably, mitochondria purified from MPC1 L79H-complemented ΔMpc1 C2C12 cells did not take up pyruvate ( Figure 5A ). This demonstrates that the L79H MPC1 mutation impairs pyruvate-driven respiration by ablating MPC pyruvate transport activity.
To understand whether MPC1 L79H ablates MPC activity by disrupting mitochondrial targeting, we performed cellular fractionation and Western blot analysis of ΔMpc1 cells complemented with WT and L79H MPC1 proteins. We found that L79H protein was enriched in the mitochondrial fraction, as was MPC1 WT (Supplemental Figure 6A) . We extended this to tryptic mitochondrial digests, with and without detergent, to allow trypsin to access inner mitochondrial membrane proteins. MPC1 L79H was digested with the presence but not absence of detergent, consistent with proper targeting to the inner mitochondrial membrane (Supplemental Figure 6B) .
Because MPC1 L79H forms stable, mitochondrially targeted complexes with MPC2, we considered whether MPC1 L79H could exert dominant negativity. This is an important clinical consideration because patients heterozygous for this mutation could carry metabolic impairments and thus health risks that might not be readily detectable with basic observation. To test for MPC1 L79H dominant negativity, we ectopically expressed WT and mutant patient MPC1 protein in WT C2C12 cells. WT C2C12 cells overexpressing WT, L79H, R97W, and truncated A58G MPC1 protein did not display significant differences in pyruvate-driven respiration ( Figure 5 , B and C, and Supplemental Figure 6C for non-normalized respiration data). Thus, in the context of endogenous, WT MPC1 expression, overexpression of the dysfunctional MPC1 L79H protein did not exert dominant negativity. This is consistent with the apparent normal health of family members heterozygous for the MPC1 T236A allele encoding the MPC1 L79H protein (7) .
MPC1 C289T results in unstable truncated major and full-length minor MPC1 protein variants.
Because complementing ΔMpc1 cells with MPC1 C289T cDNA encoding the full-length R97W but not the truncated A58G protein rescued MPC function, we further considered how the relative abundance of these transcripts in patient fibroblasts could explain the loss of MPC2 protein and MPC function. By quantitative PCR (qPCR) we measured the relative abundance of full-length R97W and truncated A58G transcripts in the MPC1 C289T patient fibroblasts. The R97W transcript was detected but at a markedly lower level compared with the A58G transcript ( Figure 5D ). Treatment with neither MG132 to inhibit the proteasome nor bafilomycin to inhibit autophagy led to MPC1 or MPC2 accumulation in MPC1 C289T patient fibroblasts (Supplemental Figure 7 , A and B), consistent with MPC1 and MPC2 protein degradation by mitochondrial proteases.
To rule out that the lower level of MPC1 R97W protein in complemented ΔMpc1 C2C12s was not due to lower MPC1 transcript levels, we quantified relative abundance of complemented human MPC1 transcripts (Supplemental Figure 7C) . Complemented R97W transcript levels were not less than complemented WT and L79H transcript levels and exceeded endogenous mouse transcript levels. This indicates that the lower level of complemented R97W protein is a not a result of decreased mRNA. To test whether the R97W protein is less efficiently translated, we transfected HEK 293T cells with plasmids encoding MPC1 WT, L79H, and R97W with and without mutation of the start methionine to valine followed by a P2A-GFP sequence. A P2A element induces ribosome skipping and, in contrast to an internal ribosome entry site (IRES), results in translation of the second cDNA sequence that is dependent on translation of the first cDNA sequence. Mutation of the MPC1 WT, L79H, and R97W start codon similarly decreased reporter GFP protein content measured by flow cytometry (Supplemental Figure 7D) , consistent with similar translational efficiency. Combined with qPCR results from patient fibroblasts and complemented ΔMpc1 C2C12 cells, these data indicate the lack of detected R97W protein in patient fibroblasts results from both decreased transcript levels and protein instability.
WT MPC complexes predominate when WT and L79H MPC1 are coexpressed. We hypothesized that when MPC1 WT and mutant MPC1 L79H proteins are both present WT MPC complexes predominate, leading to MPC sufficiency. To drive stoichiometrically equal expression of MPC1 WT and L79H proteins, we subcloned both cDNAs into the same expression vector under control of the same promoter but separated by a P2A element. In contrast to an IRES, A P2A element does not result in decreased translation of the second cDNA. MPC1 WT was C-terminally tagged with hemagglutinin (HA), while MPC1 L79H was C-terminally tagged with FLAG. Coimmunoprecipitations by HA and FLAG showed similar levels of MPC1 WT and MPC1 L79H immunodepletion and retrieval in eluates ( Figure 6, A and B) . Importantly, compared with MPC1 L79H (FLAG), pull-down of MPC1 WT (HA) coimmunoprecipitated a greater fraction of endogenous MPC2 protein. This indicates that when transcriptional and translational drive for MPC1 WT and L79H protein expression are equal then MPC1 WT forms more complexes with MPC2 ( Figure 6 , A and C). To test for nonspecific effects of FLAG and HA tags, coimmunoprecipitation experiments were performed with the tags switched (Supplemental Figure 8 , A-C). Results were similar, with more MPC2 coimmunoprecipitated by MPC1 WT (FLAG) than MPC1 L79H (HA).
Taken together, several of our observations suggest that MPC1 WT protein competitively excludes MPC1 L79H protein from association with MPC2 protein. First, expressing only MPC1 WT or MPC1 L79H in ΔMpc1 C2C12 cells equally restabilizes MPC2 protein. Second, because the overexpression system used here generates excess MPC1 WT and L79H proteins, neither is stoichiometrically limiting for complexation to MPC2. Third, when MPC1 L79H is overexpressed in WT C2C12 cells normal pyruvate oxidation persists. Fourth, human patients heterozygous for MPC1 L79H are asymptomatic and inheritance appears to be autosomal recessive (8) .
Discussion
Pyruvate is a key metabolite that links the cytoplasmic process of glycolysis to mitochondrial respiration and TCA cycle-dependent biosynthesis. Thus, it is not surprising that deranged pyruvate metabolism contributes to a host of diseases (6) . Since the molecular identification of the genes encoding the MPC (7, 9) , an increasing number of investigations have demonstrated the prominent role of mitochondrial pyruvate uptake in regulating cellular and organismal biology (11, 12, 15, 23, (25) (26) (27) . Here, we demonstrate that 2 MPC1 mutations identified in human patients with inborn errors in pyruvate metabolism cause MPC dysfunction by three different mechanisms.
We observed that the MPC1 C289T mutation causes MPC insufficiency by loss of the MPC complex. Western blots of human patient fibroblasts harboring the C289T MPC1 mutation, which generates transcripts encoding both the full-length R97W and truncated A58G MPC1 proteins (7), showed near total loss of MPC1 and MPC2 proteins. Similarly, complementing ΔMpc1 C2C12 cells with cDNA encoding the truncated MPC1 A58G protein, with or without a C-terminal FLAG tag, failed to result in detectable MPC1 expression or MPC2 rescue. In contrast, complementation with full-length MPC1 R97W, compared with MPC1 WT, resulted in minimally detectable MPC1 protein expression and nearly complete rescue of MPC2 protein levels. The difference in MPC1-to-MPC2 ratios following complementation with MPC1 WT versus MPC1 R97W suggests that MPC1 R97W instability is ameliorated once complexed with MPC2. In this case, overexpression overcomes MPC1 R97W instability, sustaining a pool size sufficient to complex with available MPC2. Thus, the finding that complementation with MPC1 R97W restored pyruvate-driven respiration is likely a result of overexpression. This helps explain why detected endogenous full-length MPC1 R97W tran- script does not result in MPC2 protein accumulation in human fibroblasts. Together, these data demonstrate that the MPC1 C289T allele causes MPC insufficiency primarily by missplice-driven encoding of the truncated MPC1 A58G protein and secondarily by decreased stability of the full-length MPC1 R97W protein.
Whereas MPC1 C289T results in MPC-protein-complex loss, we found, surprisingly, that MPC1 T236A results in a stable MPC1 L79H-MPC2 complex lacking pyruvate transport activity. Thus, MPC1 L79H is an inactivating mutation. This demonstrates that MPC-complex formation is not synonymous with pyruvate transport activity. The MPC-complex structure remains unsolved, leaving the precise membrane topology and specific residues catalyzing transport unknown. Biochemical experiments indicate MPC1 to have 2 transmembrane helices, with both the N-and C-termini projecting into the mitochondrial matrix (10, 28, 29) . In humans and mice, MPC1 L79 is predicted to be in the C-terminal tail, 8 amino acid residues beyond the second transmembrane domain (28, 29) . In silico modeling predicts L79 to be in the C-terminus facing the matrix (30) . This residue is near amino acids G74 and P75, which are predicted to form hinges and provide structural flexibility facilitating R76 rotation (30) . Having an aromatic ring-containing histidine residue instead of a hydrophobic leucine residue could reasonably change MPC1 structure and conformational repertoire. More intensive structural studies are required to fully understand how the L79H mutation disrupts pyruvate transport. Overall, our combined findings showing that MPC1 L79H is inactivating, that MPC1 R97W is destabilizing, and that MPC1 C-terminal truncations of 12 or more amino acids are severely destabilizing, demonstrate the MPC1 C-terminus to be critical for MPC function.
Interestingly, in contrast to the single human patient case reported for MPC1 C289T, which led to early death (7, 8) , homozygosity for the MPC1 T236A allele encoding inactive MPC1 L79H protein is not lethal (7) . We expect this difference is due to genetic heterogeneity in human populations that confer varying tolerance to MPC deficiency. Indeed, many mechanisms are reported to compensate for decreased MPC function, including increased glutaminolysis (11, 23) , increased fatty-acid oxidation (23), ketogenic diet, and a pyruvate-alanine cycling MPC bypass (11, 12) .
Notably, while MPC disruption during development is pathological, tissue-selective MPC disruption after development may have therapeutic value. Previous work clearly demonstrates the requirement of MPC1 and MPC2 in mammalian development. Both MPC1 and MPC2 mouse knockout models display embryonic lethality during midgestation (21, 31) and MPC1 hypomorphs caused early perinatal lethality (20) . In contrast, postnatal liver-specific MPC disruption attenuates obesity-induced hyperglycemia (11, 12) and decreases fibrosis and inflammation in mouse models of nonalcoholic fatty liver disease (NAFLD) and NASH (14, 32) . The contrast between the clearly pathological effects of whole-body MPC disruption during prenatal development versus potential therapeutic effects of liver MPC disruption after development highlights the need to better understand tissue-specific pyruvate metabolism across developmental stages.
Accurately treating inborn errors of metabolism requires understanding the pathological mechanisms of the underlying mutations. Thus, it is important to understand how MPC1 mutations, like those previously described, disrupt MPC function. Our work highlights that accurately understanding genetic mechanisms of MPC dysfunction requires isolating distinct components of function, including MPC1 and MPC2 protein levels, MPC-complex formation, and MPC activity. Because MPC mutations have only recently been identified and appear to be rare, they are not routinely screened for as a cause of patient metabolic abnormalities. Given the recent molecular identification of the MPC, its likely human MPC disease mutations will continue to be discovered. Although our findings here do not suggest new approaches for treating congenital MPC deficiency, they may, in combination with future studies, contribute to improved diagnosis and management of future MPC deficiency cases. For example, they raise the possibility of MPC1 stabilization as a treatment for MPC deficiency resulting from destabilizing but not inactivating mutations like MPC1 R97W.
In conclusion, we demonstrate that 2 human MPC1 mutations cause MPC deficiency by distinct mechanisms. The MPC1 C289T mutation results in loss of the MPC complex, whereas, the MPC1 T236A mutation results in an inactive MPC complex. These findings provide insight into the fundamental biochemical mechanisms regulating MPC function and molecular etiology of human patient MPC deficiency. This work also illustrates the usefulness of a molecular genetic system using the mouse C2C12 cell line, CRISPR/Cas9 gene disruption, and human gene complementation to investigate mechanisms underlying human inborn errors in pyruvate metabolism.
Methods
Cell culture. Human skin fibroblasts (HSFs) were isolated, immortalized, and selected for antibiotic resistance as previously described (7) . HSFs were maintained in DMEM with 15% FBS, 2 mM Glutamax, and 1% Primocin. HEK 293T and C2C12 cell lines were purchased from ATCC and confirmed to be mycoplasma-free using the PlasmoTest Mycoplasma Detection Kit according to the manufacturer's instructions (InvivoGen). HEK 293T and C2C12 were maintained in DMEM with 10% FBS, 2 mM Glutamax, and 1% penicillin-streptomycin. After CRISPR/Cas9 editing, lines were maintained in DMEM with 10% FBS, 1 mM pyruvate, 2 mM glutamine, 2 mM Glutamax, 1 mM citrate, 50 μg/mL uridine and 1% penicillin-streptomycin. All cell lines were grown at 37°C in an atmosphere of 5% CO 2 .
Immunoblotting. Cellular proteins were extracted with lysis buffer (62.5 mM Tris pH 6.8, 2% SDS (m/v), 10% glycerol (v/v), and 0.1 μM dithiothreitol) and quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of protein lysates were prepared in Laemmli buffer and boiled at 95°C for 10 minutes. Lysates were resolved on 10% Tricine-SDS-PAGE gels using a Mini-PROTEAN Tetra Cell running system (Bio-Rad) and transferred onto nitrocellulose membranes using a Trans-Blot transfer system (Bio-Rad). Blots were incubated in primary antibodies: MPC1 ( , and goat anti-mouse IgG (H+L) DyLight 800 conjugate (1:10,000; Thermo Fisher Scientific catalog SA5-10176) were used to visualize the signal, which was imaged using the Li-Cor Odyssey CLx system (LI-COR Biosciences). The average density of MPC1, MPC2, Actin, and VDAC immunoblots was quantified by ImageJ. Actin and VDAC were used as loading controls.
qPCR. RNA was extracted using TRIzol (Thermo Fisher Scientific) or RNeasy Mini Kit (Qiagen). Equal amounts of RNA per sample were reverse transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) followed by qPCR reactions using SYBR Green (Thermo Fisher Scientific). The primer sequences for human U36B4 were forward 5′-CGAGGGCACCTGGAAAAC-3′ and reverse 5′-CACATTCCCCCGGATATGA-3′. The primer sequences for human GAPDH were forward 5′-ACATCGCTCAGACACCATG-3′ and reverse 5′-TGTAGTTGAGGTCAATGAAGGG-3′. The primer sequences to measure total human MPC1 were forward 5′-GGACTATGTCCGAAGCAAGG-3′ and reverse 5′-AAATGTCATCCGCCCACTGA-3′. The primer sequences to measure human MPC2 were forward 5′-TGTGTGCTGGATTGGCTGAT-3′ and reverse 5′-CCAAATAAACCCTGTAGC-CATCAA-3′. The primer sequences specific for R97W MPC1 transcript were forward 5′-GGACTAT-GTCCGAAGCAAGG-3′ and reverse 5′-GTCATCCAAATGTCATCCGC-3′. The primer sequences specific for A58G MPC1 transcript were forward 5′-GAAGCAAGGATTTCCGGGAC-3′ and reverse 5′-GTCATCCAAATGTCATCCGC-3′.
The primer sequences for mouse Mpc1 were forward 5′-AACTACGAGATGAGTAAGCGGC-3′ and reverse 5′-GTGTTTTCCCTTCAGCACGAC-3′. The primer sequences for mouse Mpc2 were forward 5′-CCGCTTTACAACCACCCGGCA-3′ and reverse 5′-CAGCACACACCAATCCCCATTTCA-3′. The primer sequences for mouse U36b4 were forward 5′-CGTCCTCGTTGGAGTGACA-3′ and reverse 5′-CGGTGCGTCAGGGATTG-3′.
Generation of ΔMpc1 cell lines and ΔMPC1 cell lines. To generate Mpc1 deletion (ΔMpc1) in C2C12 cell lines, CRISPR guide RNAs (gRNAs) targeting exon1 of Mpc1 were subcloned into lentiCRISPR v2 (Addgene plasmid 52961), using BbsI sites, as previously described (33) . gRNA sequences were 5′-GCGCTCCTAC-CGGTGCCCGA-3′ and 5′-GCCAACGGCACGGCCATGGC-3′. Lentiviral particles were made by transfecting HEK 293T (ATCC) with lentiCRISPR v2 expressing no gRNA or gRNA of interests, psPAX2 (Addgene plasmid 12260), and pDM2.G (Addgene plasmid 12259) using polyethylenimine (PEI). Virus was collected 72 hours after transfection. An equal mixture of virus and culture media were used to transduce mouse myoblast C2C12 cell lines using 8 μg/mL of polybrene. Infected cells were selected with 2 μg/mL of puromycin for 3 days and then diluted to create monoclonal lines. Genomic DNA from monoclonal lines was extracted using QuickExtract DNA Extraction Solution (Epicentre) according to the manufacturer's protocol and genotyped by PCR using the following primers: 5′-CTGCACTCGGTGACTCCATC-3′ and 5′-ACCATGTCTTTCAGTTCGCG-3′.
To generate ΔMPC1 in 293T cell lines, CRISPR gRNAs targeting exon1 of MPC1 were subcloned into the BbsI sites of pSpCas9(BB)-2A-GFP (PX458) (Addgene plasmid 48138). gRNA sequences were 5′-GGCGGACTATGTCCGAAGCA-3′ and 5′-GTGGCTCGCCGTCGGCTGCCG-3′. 293T cell lines were cotransfected with PX458 backbone lacking sgRNAs and PQCXIP backbone at 9:1 DNA ratio or cotransfection with PX458 harboring sgRNAs, and PQCXIP at a 4.5:4.5:1 ratio. Cells were selected using
